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Single nitrogen-vacancy (NV) centers are widely used as nanoscale sensors for magnetic and electric fields,
strain and temperature. Nanoscale magnetometry using NV centers allows for example to quantitatively
measure local magnetic fields produced by vortices in superconductors, topological spin textures such as
skyrmions, as well as to detect nuclear magnetic resonance signals. However one drawback when used as
magnetic field sensor has been that an external bias field is required to perform magnetometry with NV
centers. In this work we demonstrate a technique which allows access to a regime where no external bias field
is needed. This enables new applications in which this bias field might disturb the system under investigation.
Furthermore, we show that our technique is sensitive enough to detect spins outside of the diamond which
enables nanoscale zero- to ultralow-field nuclear magnetic resonance.
I. Introduction
Single nitrogen-vacancy (NV) centers are widely used
as nanoscale sensors for magnetic and electric fields,
strain and temperature1–3 even under ambient condi-
tions. Here, we demonstrate the application as magnetic
field sensor without the use of a bias field i.e. at zero
field. Nanoscale magnetometry using NV centers allows
one to quantitatively measure local magnetic fields pro-
duced by vortices in superconductors4, topological spin
textures such as skyrmions5 and to perform nanoscale
nuclear-magnetic-resonance spectroscopy down to the
single-molecule level6. Commonly an axial bias field
(along the NV axis) is applied in order to lift the degen-
eracy of magnetic sublevels in the ground state and gain
first-order sensitivity to magnetic fields. In some applica-
tions, such as for example zero- to ultralow-field (ZULF)
nuclear magnetic resonance (NMR) spectroscopy7 or the
study of ferromagnetic thin films8, the bias field signifi-
cantly disturbs the sample under investigation perturb-
ing or even disrupting the measurement. In this work, we
demonstrate a method to extend the range of application
of single NV center based magnetometry to this regime
by using circularly polarized microwave (MW) fields sim-
ilar to work performed on an NV center ensemble9.
The NV center in diamond consists of a substitu-
tional nitrogen atom and a neighbouring empty site in
the diamond lattice. Sensing is performed with nega-
tively charged NV centers, where an additional electron
is obtained from a donor within the diamond. A simpli-
fied energy-level diagram of NV-ground state is shown in
Fig.1a). The NV-center energy levels close to zero ambi-
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ent field are described by the following Hamiltonian10–12.
H/h = (D0 + Πz)S2z + γNVB · S + Πx(S2y − S2x)
−Πy(SxSy + SySx) +AHFSzIz +Q[I2z − I(I + 1)/3],
(1)
where h is Planck’s constant, γNV = 28 GHz/T the elec-
tron gyromagnetic ratio, B the magnetic field vector, S
the electronic spin vector with its components Sx, Sy, Sz,
respectively, and D0 ≈ 2.87 GHz the axial zero field split-
ting. I with components Ix, Iy, Iz is the nuclear spin vec-
tor of the intrinsic 14N nucleus with the axial hyperfine
coupling parameter AHF = −2.16 MHz and quadrupolar
coupling Q. Πx,Πy,Πz describe the effective field act-
ing on the NV center, which consists of strain and local
electric field. The coordinate system is chosen such that
the z axis is parallel to the NV axis. For simplicity and
without loss of generality we assume Πz = 0 for the scope
of this work. In addition, note that the quadrupolar in-
teraction between the 14N nucleus and the electron spin
does not have an influence on the electronic transition
frequencies as they are nuclear spin conserving (Fig.1a
right).
In most NV-magnetometry experiments a bias mag-
netic field is such that |γNVBz| > |Πx|, |Πy|, |AHF | and
|Bx|, |By|  |D0/γNV |. In good-quality diamond sam-
ples |AHF | > |Πx|, |Πy| is also achieved. This leads
to an energy-level structure shown in Fig. 1a. The left
side shows the simplified energy levels when omitting
the last term in eq. 1, which then allows for the mea-
surement of the magnetic field by measuring the split-
ting between the ms = ±1 states. This spectrum with
only two resonances increases in complexity, when the nu-
clear spin of the nitrogen host is taken into account (last
term in eq. 1 and right side Fig. 1a). Here it is shown
for the case of a 14N nucleus with spin=1 (99.6% natu-
ral abundance). This means that there are three possi-
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FIG. 1. (a) Energy-level diagram of the NV center ground
state without hyperfine interactions (left), which get split due
to hyperfine interaction with the 14N host nucleus (center),
and a representation of the resulting allowed electronic tran-
sitions (right) b) Schematic of the experimental setup.
ble projections (mI = 0,±1) along the NV axis, which
results in three resonances with a separation of AHF .
The frequency difference of the central resonances of the
two triplets is still 2γNVBz (as shown on the right of
Fig. 1a). The transition frequencies of the triplets cross at
γNV |Bz| = |AHF |, |AHF |/2, 0. At Bz = 0 all three tran-
sition frequencies of the two sets cross (see also Fig. 3a).
In addition, due to the effective fields Πx,Πy, Sz does
not remain an eigenstate for the |mI = 0〉 states and a
level anticrossing occurs. Both, crossing and anticross-
ings occurring at Bz = 0 result in difficulties for magne-
tometry at |Bz| < ∆ν/(2γNV ) where ∆ν is the observed
linewidth. In this regime, shifts of the transition frequen-
cies which are proportional to magnetic field changes can
not be resolved anymore or as for the case of an anticross-
ing (of states with equal Iz) the proportionality to mag-
netic is lost. In this work, we present a robust solution to
this issue by the use of circularly polarized microwaves in
the magnetometry protocol. Circularly polarized MWs
allow us to exclusively drive transitions with ∆ms = ±1.
This leads to a single set of three resonances without
crossings and therefore a linear relation to magnetic field
even at zero magnetic field.
For a single NV center with the 14N nucleus in a fixed
eigenstate, one would expect a single resonance for each
of the two ∆ms = ±1 transitions. However, two distinct
sets of three resonances are observed as a result of the fact
that the 14N spin flips several times within our measure-
ment. The 14N basically acts as a source for a local bias
field for the NV-electron system, where the value of the
bias field depends on the nitrogen nuclear spin state. Due
to the fact that the longitudinal relaxation time (T1) for
the 14N spin at room temperature is way below 10 ms13,
within a single measurement sequence (here: ODMR or
Ramsey), the nuclear spin remains fixed, whereas over
the time of the whole measurement one already observes
an averaging over all three orientations of the nuclear
spin, resulting in the sets of three resonances. We re-
mark that, if one were able to fix the 14N nuclear spin
in one of the mI = ±1 states, circularly polarized MW
fields would have been unnecessary since the local bias
would lift the degeneracy. Since this is not the case, we
use circularly polarized MW fields to overcome this issue.
II. Experimental setup
In Fig. 1b a schematic of our experimental setup is
shown. It consists of a home-built confocal microscope
with a high numerical aperture oil-immersion objective
(Olympus UPLSAPO 60XO). The diamond sample con-
taining single NV centers is mounted on a printed cir-
cuit board (PCB) which is used to apply circularly polar-
ized MW fields to drive the transitions in the NV-center
ground state. The design of the PCB follows earlier
works9,14 and mainly consists of two parallel striplines
(see Fig. 1b). The microwave pulses for spin manipula-
tion were synthesized with an Arbitrary Waveform Gen-
erator (AWG; Tektronix AWG70002A), that operates at
50 GS/s. The microwave pulses (with adjustable relative
phase) from the two output channels of the AWG were in-
dependently amplified and fed-into the leads of the micro-
circuit for producing circularly polarized microwave ex-
citation. For these experiments we used a single native
14N-containing NV defect in an electronic grade diamond
grown via chemical vapour deposition (CVD) from Ele-
ment six. Furthermore, a coil is placed such that it exerts
a controllable axial magnetic field to the NV center.
III. Results
A. Characterization of the microwave polarization
First, a single NV center with proper alignment with
respect to the microwave striplines needs to be identified.
This was done by placing a permanent magnet at an an-
gle of ≈ 54◦ with respect to the diamond surface and
parallel to the MW striplines. Like this, the NV centers
aligned with the with the magnetic field are also in the
right orientation in order to apply circularly polarized
MWs. After a single NV center aligned with the perma-
nent magnet was identified (Bz ≈ 450µT), we performed
Rabi-oscillation experiments on both the ∆ms = +1 and
3∆ms = −1 transitions while sweeping the relative phase
between the MWs applied to the striplines. Figure 2a
shows the ∆ms = −1 transition with a resonance fre-
quency of 2859 MHz and b the ∆ms = +1 transition
with a resonance frequency of 2882 MHz . One can ob-
serve that both respective Rabi frequencies vary strongly
upon change in relative phase between the striplines. For
the ∆ms = +1 transition the Rabi frequency varies be-
tween 4.3 and 1.45 MHz and for ∆ms = −1 between 4.8
and < 0.8 MHz.
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FIG. 2. Rabi measurements performed to determine the driv-
ing strengths of the ∆ms = −1 (a) and ∆ms = +1 (b)
transitions as a function of the relative phase of the MW
fields. The measurements are performed at an axial bias field
of ≈ 450µT.
From these values, we calculate the purity p of the
MW polarization defined as p = Ω+−Ω−Ω++Ω− . Ω+ and Ω−
are the respective Rabi frequencies of the ∆ms = +1
or ∆ms = −1 transitions. We obtain p > 71% in this
configuration. Note that the lower limit is given by the
Rabi measurement obtained at a phase difference of
260◦ while at 300◦ the Rabi contrast in Fig. 2b almost
vanishes, which indicated that the maximum obtained
purity of the circular polarization is significantly higher.
The asymmetry and imperfect circularity of the MW
polarization may arise from imperfect alignment of the
striplines with respect to the NV center and was observed
in earlier works with this stripline configuration14. Even
though the polarization is not perfect, it is sufficient for
our goals as we demonstrate in the following.
B. Pulsed optically detected magnetic resonance
After characterizing the MW polarization the perma-
nent magnet is replaced with an electromagnet using
the same configuration with respect to the diamond and
striplines (see Fig. 1b). Then axial field sweeps from
−200 to 130µT are performed using the electromagnet.
Figure 3a shows a density plot of the resulting pulsed
optically detected magnetic resonance (ODMR) traces
for linearly polarized microwaves. Note that the MW
duration for each MW polarization is matched to a pi-
pulse when on resonance with the respective transition.
At the bottom, i.e. at a field |γNVBz| > |AHF | the
two sets of three hyperfine resonances are well separated.
When decreasing the applied bias field one can observe
the above-mentioned line-crossings in the ODMR spec-
tra. Especially at zero axial field (indicated by the red
line) one observes three transition-frequency crossings.
To be more precise, two crossings, while the central one
is actually an avoided crossing due to the coupling of the
two energy levels via electric fields and/or strain15. In
our case, this is characterized by lower contrast (also ob-
servable at ≈ ±75µT). In Fig. 3b, c the (anti-)crossings
are not clearly observable anymore but when analyzing
the individual ODMR we could still see the expected re-
duced contrast for the central resonance at zero field.
Figure 3b shows the case for the ∆ms = +1 transi-
tions, while Fig. 3c shows a field scan for ∆ms = −1
transitions. The suppressed transitions are still slightly
visible, but since they are strongly suppressed, they do
not play a role when it comes to determining the tran-
sition frequencies of the strongly driven transition even
at zero field. This shows already that magnetometry in-
cluding advanced pulse sequences can also be applied at
zero field if circularly polarized MW are used.
C. Ramsey sequence
To enhance the magnetic sensitivity and in prepara-
tion for a future application of this technique in sens-
ing low-frequency magnetic fields, we employ a Ramsey
scheme16 . The frequency of the central anticrossing in
Fig. 3a was chosen as driving frequency and the mag-
netic field was swept around zero axial field. In addition
to that, the phase of the readout pi/2 pulse was modified
to implement a shift of the observed signals from DC to
≈ 10 MHz. In Fig. 4 the results of a Fourier transform of
the initial Ramsey time trace is shown. One can clearly
observe the same contrast over the full range of of axial
magnetic fields, which again proves that we preserve the
same magnetic sensitivity while crossing zero magnetic
field. In addition to the 14N hyperfine splitting, we see
hints of an underlying splitting induced by a nearby 13C
nucleus in the Fourier-transformed signal, which is not
fully resolved due to limited coherence time of our sensor
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FIG. 3. ODMR spectra for different MW polarizations while
sweeping the axial magnetic field using an electromagnet. a)
ODMR signal obtained with linearly polarized MW b) σ+
polarization and c) σ− polarization.
spin. But this also demonstrates the robustness of this
technique: even in the presence of additional couplings
to different nearby nuclear spins, magnetometry around
zero field can be pursued.
To estimate the sensitivity of the technique, we de-
termine the photon shot-noise limited sensitivity η of a
Ramsey measurement that is given by:
η =
~
g µB
1
C
√
I0tL/tseq T ∗2
(2)
with I0 being the detected photoluminescence rate, tL
the duration of the readout laser pulse, tseq the total
sequence length and T ∗2 the coherence time of the NV
center. Using common parameters used in our experi-
ment, for this diamond sample where the coherence time
is ≈ 3µs, this results in a shot-noise limited sensitivity of
≈ 350 nT/√Hz, which is a typical value for a diamond of
this type1. This is sufficient to measure signals of, for ex-
ample, proton spins citeMuller2014 or other nuclear spins
on the diamond surface or to study (anti-)ferromagnets
using a shallow NV center and therefore this technique
opens the field to the study of the above mentioned sys-
tems using NV-center magnetometry at zero field.
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FIG. 4. Fourier transform of the signal obtained from Ramsey
experiments performed using σ+ polarized MW while scan-
ning the axial magnetic field, while the signal is effectively
detuned by 10 MHz due to the relative phase shifts of the two
pi/2 pulses.
IV. Other possible approaches to magnetometry with NV
centers at zero field
As mentioned above, one could also use a static local
bias field instead of a flipping bias (14N,15N) which would
in turn avoid the need of specifically designed MW struc-
tures to produce circularly polarized MWs. A promising
candidate for this is an axial 13C nucleus, which can, de-
pending on the exact location, have flipping rates well
below 10−4 Hz or in an ideal case even zero. As a result
both sets of resonances would be separated by the hy-
perfine splitting of the 13C nucleus and would change in
frequency according to the Zeeman effect. A drawback
to this method would be the need for an axial 13C which
are usually randomly distributed with an abundance of
1.1% for natural-abundance diamonds. Moreover, the
splitting produced by axial carbon is usually on the or-
der of ≈ 70 kHz which requires long NV coherence times
to be resolved. Another option would be to initialize the
nitrogen spin before each measurement into one of the
mI = ±1 states, but common methods require a lifted of
degeneracy between the ms states to function, which is
not the case at zero field18. For these reasons we focus
on the approach with circular MW fields in this work but
it is still worth mentioning other possible approaches.
5V. Summary and Outlook
In summary, this paper presents a novel method to
utilize NV centers as magnetic field sensors down to zero
external magnetic field. This opens the road for appli-
cations in which magnetic fields perturb the system such
as, for example, nuclear magnetic resonance and (anti-
)ferromagnets. We also derived that the sensitivity of this
technique is sufficient to probe statistically polarized nu-
clear spins on the diamond surface at zero field. In com-
bination with high-resolution sensing techniques such as
those developed for high-frequency sensing19,20, this tech-
nique may open new pathways towards nanoscale ZULF
NMR for chemical analysis of liquids and solids down
to the single molecule level21. Further improvements on
the driving strength would additionally make commonly
used higher-order dynamical decoupling sequences (such
as XY8,CPMG,etc) accessible, which are used for AC
magnetometry and therefore are particularly interesting
for nuclear quadrupole resonance studies at zero field.
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